It is known that Sm-doped ceria shows the highest electrical conductivity among the ceria solid-solution sys tems with various rare-earth cation dopants. In order to clarify the ionic size effect on the oxide-ion conduc tivity, in the rare-earth co-doped ceria system, Ceo,8(Ln"1_xLn'x)o.2Oi.8 (Ln' =Y, Gd and Ln"=Nd, La), the compositional fraction (x) of the co-doped cations was determined so that the average ionic size agreed with that of Sm3+. The lattice constants of the four ceria-based compounds, which were prepared with various combinations of rare-earth dopants, agreed well with the lattice constant of the Sm-doped sample. However, the electrical conductivity decreased abruptly with increasing difference of the two cationic radii. The ele ctrical conductivity of these co-doped materials was discussed on the basis of the local ionic arrangement in the fluorite-type structure.
Introduction
Oxide-ion conductors play an important role in oxygen sensors, oxygen pumps, and solid oxide fuel cells (SOFCs), etc.'~ In these applications, a higher oxide-ion conductivity is desired to lower the operation temperature which can effectively solve some problems. In the SOFCs, for instance, the high operation temperature causes electrode sintering, interfacial diffusion between electrolyte and electrode and thermal stress due to the difference between their thermal expansion coefl:icients.2),3) Eguchi et a1.4>'5> reported that the Sm-doped ceria system showed the highest oxide-ion conductivity among the 11.1 mol% rare-earth-doped samples, because of the similarity of the ionic radius of Sm3 + to that of Ce4+ . However, they did not explain the high conductivity of the Sm3+-doped sample compared to that of the Y3+-doped sample, the ionic radius of which is also similar to that of Ce4+. They also ascribed the maximum electrical conductivity to the minimum bind ing energy of the defect cluster in the Sm-doped Ce02. The binding energy of La3+ or Gd3+-doped ceria was almost the same as that of the Sm3+-dpoed sample, according to the results of Butler et al.6~ Therefore, it still remains a question whether the oxide-ion conductivity is affected only by the ionic radius of the dopant when oxygen vacancy concentra tion is kept constant.
Kim et al.7~ studied the co-doping erect of various triva lent metals (Y, Sm, Nd, Pr or La) on Gd-doped ceria and found that the co-doping of Sm3+ improved the electrical conductivity, while the others did not. Recently, we report ed the co-doping effect on the electrical conductivity of the (Ce, La, M) 02_a (M = Sr, Ca) system.8~ Yoshida et al. have also investigated the relationship between the ionic conduc tivity and the local structures of singly and doubly doped ceria by EXAFS measurement.9>
In order to understand the ionic size effect of Sm3 + in the Ce02 structure, we studied the electrical conductivity of the rare-earth co-doped ceria systems, where the average ionic radius of the co-doped elements was made to agree with that of Sm3+ (0.1079 nm) by means of their atomic ratio; the following four systems were investigated: Ce0 8 (Lao.426 Y0.574 ) 0201.9 (LY) , Ce08 (Lao.243Gd0.757 ) 0201.9 (LG) , Ce08 (Nd0.667Y0.333) 0201.9 (NY) , and Ce08 (Nd0.464Gd0.536 ) 0201.9 (NG). The values of 0.1160, 0.1109, 0.1053, 0.1019 and 0.0970 nm, which are the ionic radii of the oxygen 8-coordi nated site reported by Shannon and Prewitt,10~ were used as the ionic radii of La3+, Nd3+~ Gd3+~ Y3+ and Ce4+, respec tively.
Experimental procedure
In the present study, singly doped ceria systems, Ce0 8Ln0 .201.9 (Ln = Y, Gd, Sm, Nd, La) and four co-doped systems, Ce0,8 (Ln" 1 _xLn'x) 0.201.8 (Ln' =Y, Gd and Ln" = Nd, La) were prepared by a solid-state reaction, using Ce02 (99.99%, Wako Chemicals Co.) and Ln203 (Ln = Y, Gd, Sm, Nd, La) (99.9%, Furuuchi Chemicals Co.) as starting materials. The weighed powders were wet ball-milled for 16 h, using a milling pot made of synthetic resin, resin-coat ed balls and ethanol as the dispersion reagent. After drying, the mixed powders were calcined at 1100°C for 4 h, and then fired at 1400°C for 10 h in air. After sieving powders to be low 53 ,ccm mesh size, the powder samples were molded un der a pressure of 50 MPa and subjected to rubber pressing at 200 MPa. The sintering temperature was 1600°C for 10 h in air. The relative density of the sintered specimens, which was estimated from geometrical dimensions and weight, was higher than 94%, and these values were almost in dependent of the dopant species. In the present study, it was assumed that the chemical composition of the samples did not change during firing in air, because the component oxides were nonvolatile.
The powdered samples were characterized by X-ray diffraction (XRD) (model: RAD-A, Rigaku Co.) with monochromated Cu Ka radiation. The lattice constant of the 3. Results and discussion XRD experiments revealed that all the samples in both systems, Ce0.8Ln0.2O1.9 and Ce0.8 (Ln"1-xLn'x)0.2O1.9, had a single phase of the fluorite-type structure with cubic sym metry. The lattice constant of CeO BLn0.2O1 .9 increased linearly with an increase in the ionic radius of the dopant, which agreed well with an earlier report.5) The lattice con stants of the four solid-solution samples of LY, LG, NY and NG were 0.5436, 0.5439, 0.5431, and 0.5434 nm, respec tively. Figure 1 shows the lattice constant of the systems as a function of |rLn"-TLn'| which denotes the difference in the ionic radii of the co-doped cations. Since the atomic ratio of the co-doped cations was set so that the average ionic size agreed with that of Sm3+, their lattice constants were almost independent of the difference in the ionic radii of the co-doped cations. This result confirmed that the lattice con stant of the 11.1mol% Sm-doped ceria was realized within a maximum error of 0.1% by the combination of the two different cations having different ionic sizes. In order to understand the conduction behavior of the present systems, we summarized the conductivity data of both systems as a function of the difference in the ionic radii of the co-doped cations from the ionic radius of Sm3+. In the Ce0 8Ln0 2019 systems, the difference in ionic radius can be represented by rLn rsm . On the other hand, in the case of the Ce0,8 (Ln" 1 _xLn'x) o.201.9 systems, the difference is ex pressed as (1-x) (rLn -rsm) +x(rsm-rLn'),
where the values of rLn', rsm and rLn" are in the order of rLn < rsm < rLn' and x denotes the compositional fraction of Ln', which is a specific value determined in order to adjust to the ionic radius of Sm3 + : Figure 4 shows the electrical conductivity at 800°C as a function of the difference in the ionic radius of the doped elements, where two parameters, (rLn rsm ) and {(1-x) ( rLn" rsm) + x ( rsm rLn') } in the horizontal axis correspond to the Ce0 8Ln0 201,9 and Ce0 8 (Ln" 1 _ XLn' X) o.201.9 systems, respectively. The electrical conductivity abruptly decreased with increasing difference in ionic radius, although the difference in the electrical conductivity change was slight between the two systems. This means that the combination of dopants that have a large difference in ionic radii would lead to the formation of a special local arrange ment of the co-doped cations in the fluorite-type structure, accompanying the ordering of oxygen vacancies. When the ionic radius of the dopant is larger tnan roar of Zr4+ in the Zr02 solid solutions, a pyrochlore-type structure (A2Zr207) appears, which can be considered as the fluorite type structure with ordered oxygen vacancies, that is, the smaller cation Zr4+ occupies a 6-coordination site and the larger cation (A3+ ) such as La3+ occupies an 8-coordination site.16) We reported that the XRD pattern of Ce0 5La0 501.75, which corresponded to the composition of the pyrochlore phase, apparently showed the fluorite-type phase and its electrical conductivity was rather low compared with that of Ce0 8La0 .201.8.8) This fact was easily understood by consider ing that the local structure like the pyrochlore-type struc ture atmeared in the fluorite phase of CeO2. Furthermore, in a study on the electrical conductivity of the fluorite-type solid-solution system Zr0,7 (Sc1 _xMx) o.302-b (M = Ca, Mg, Al, Gd, Yb) , the present authors clarified that the partial substitution of M ions for Sc produced a micro-cluster hav ing a pyrochlore-type structure.17) Therefore, the decrease in the electrical conductivity of the Ceo.8 (Ln 1 _XLn x) 0.201.9 systems is ascribed to the cationic ordering of the co dopants. A pyrochlore-type micro-domain (or -cluster) , the chemical formula of which can be expressed as (Ln", Ce) 2 (Ln', Ce) 207, appeared in the ceria fluorite phase, when both the larger cation (Ln") and the smaller cation (Ln' ) than Sm3+ are doped into CeO2, where Ln" and Ln' may oc cupy the A and B sites in the A2B207 structure, respectively.
Conclusions
The present study dealt with the electrical conductivity in rare-earth co-doped ceria systems, Ce0,8 (Ln" 1 _XLn'x) o.201.s (Ln' = Y, Gd and Ln" = Nd, La) , where the compositional fraction (x) of the co-doped cations was set so that the average ionic size agreed with that of Sm3+. The conclu sions are summarized as follows.
(1) The lattice constants of the four kinds of ceria sys tems agreed with that of the Sm-doped ceria.
(2) The electrical conductivity decreased abruptly with increasing difference between the two cationic radii.
(3) The change in the electrical conductivity was dis cussed on the basis of the local ionic arrangement of the dopants in the fluorite structure.
